We have examined the capture of carbon dioxide from flue gas by adsorption on solid sorbents using an equilibrium model for a packed bed temperature swing adsorption (TSA) process for a wide range of sorbents. This model determines the working capacity of the sorbent by looking at the difference between the equilibrium adsorbed concentrations at the adsorption and desorption conditions, and uses the sensible and latent heating requirements to determine the minimum energy usage. Using the results of this model, a class of sorbents can be constructed that have nearly identical physical properties but variable heats of adsorption for carbon dioxide to mimic different adsorption mechanisms. Parametric studies are run to determine the calculated minimum energy requirements per ton of carbon dioxide captured for this class of sorbents and a global minimum is found. This paper also discusses the effect of heat of adsorption on adsorption isotherms and what isotherm shapes are most beneficial for minimizing energy usage in carbon capture.
Introduction
Coal-fired power-plants remain the largest source of electricity in the world generating over forty percent of the power consumed and emit more carbon dioxide than any other energy source [1] . To minimize anthropogenic climate change from greenhouse gas emissions, the amount of carbon dioxide emitted from power plants are very likely to be regulated in the near future. In order to use coal as an energy resource without its attendant carbon dioxide emissions, it is necessary to employ carbon dioxide capture and storage (CCS), a process where low concentration carbon dioxide from flue gas is separated out to create a high purity carbon dioxide stream that can be injected into underground formations such as saline aquifers or beneficially used in applications including enhanced oil recovery. However, this process is energy intensive with current methods of capture using solvents requiring roughly one third of a power plant's current net electricity to separate the carbon dioxide from the flue gas [2] . Because of this prohibitive energy penalty, there is a need to examine methods for carbon capture that minimize the parasitic load on power plants and decrease the amount of energy needed to capture each ton of carbon dioxide.
The technique for separating carbon dioxide from flue gas examined in this paper involves the use of a solid sorbent in a packed bed that will preferentially adsorb the carbon dioxide from the flue gas. Once the sorbent becomes saturated with carbon dioxide, the bed can be heated, which will cause the carbon dioxide to desorb at high purity. This high purity carbon dioxide stream can then be compressed for geologic storage in underground formations or for other uses. Heating the column also regenerates the bed by removing the adsorbed carbon dioxide and exposing the adsorption sites. After a cooling step, the bed is ready for adsorption again. The energy necessary to operate this thermal cycle is primarily energy required to heat the bed up to the regeneration temperature and to maintain it at the elevated temperature during desorption. Other energy considerations such as fan power to overcome pressure drop in ducting and the bed are small when compared to the energy required to heat the column and have not been considered in this paper.
This work examines the effect of different sorbent properties and process parameters on the total energy penalty of the process. The equilibrium model that has been created calculates the minimum energy needed to regenerate a column, the amount of carbon dioxide that will be produced, and the purity of that carbon dioxide stream. These three coefficients of performance can be used to determine the minimum energy usage of a temperature swing adsorption (TSA) capture system. By looking at the different limiting energy and size requirements of a TSA system, a target heat of adsorption can be predicted for different classes of sorbents. In addition to the equilibrium model, we have also developed a more complex mass-and energy-transfer limited transient model that calculates bed profiles for temperature, adsorbed concentrations, gaseous concentrations, pressure drop, and velocity. Though this is a very useful tool for determining the process parameters for a given sorbent, we focus on an equilibrium analysis her to highlight the effect of key sorbent parameters on the total energy consumption.
Many sorbent developers today look at the total adsorbed capacity of a sorbent as a measure of its effectiveness without considering the working capacity and regeneration costs. Working capacity is the difference in adsorbed capacity between the low temperature, low purity adsorption from the flue gas stream and the high purity, high temperature desorption from the regeneration step. Working capacity helps determine the size of the system, the energy penalty of the process, and the purity of carbon dioxide that is ultimately captured. The importance of working capacity and regeneration energy cannot be overstated and they are much more relevant to evaluating sorbents than any one single capacity measurement. This paper will look at a representative class of sorbents that have constant capacity at adsorption conditions as well as constant saturated capacity and show that there are significant energy ramifications to altering the sorbent properties, especially the heat of adsorption. Further, we will discover a global minimum for the heat of adsorption that will minimize the regeneration energy in the limiting case of equilibrium conditions in the adsorbent bed.
Modes of Adsorption
Sorbent development for carbon dioxide capture and storage (CCS) is an active field with many new materials being developed and tested for working capacity and regeneration energies. Each of the sorbents being researched employs one of the two possible adsorption mechanisms: physical adsorption or chemical adsorption. In physisorption, shown schematically in Figure 1 , the target molecules are attracted to the surface of pore walls within a high surface-area sorbent by van der Waals forces and have a low heat of adsorption that is only slightly greater than heat of sublimation of the adsorbate. In chemisorption, the target gas undergoes a covalent chemical reaction to bind to certain sites on the sorbent with a much greater heat of adsorption, roughly equal to the heat of reaction.
For CCS applications, one class of physical adsorbents that has shown promise is activated carbons. Carbon dioxide is adsorbed onto the high surface area pore walls within the activated carbon by weak dipole interactions. The heat of adsorption of carbon dioxide on activated carbon sorbent ranges from -25 to -40 kJ/mole, which is close to the heat of sublimation. This low heat of adsorption reduces the amount of energy needed to desorb a given quantity of carbon dioxide. However, it also means that carbon dioxide is less likely to adsorb onto the porous substrate. On the other hand, solid sorbents that capture carbon dioxide through a chemical process, such as bonding with an amine that is grafted or coated onto the surface of the sorbent, have a much higher heat of adsorption. These heats of adsorption can range between -60 and -100 kJ/mole depending on the amine used. While this increases the amount of energy needed to
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Binding site Figure 1 : In physisorption the CO 2 is adsorbed weakly by the substrate itself, in chemisorption, the CO 2 is adsorbed more strongly by specific binding sites.
separate the carbon dioxide from the sorbent, it also increases the affinity of the amine for carbon dioxide which allows the amine-based solid sorbent to have a higher capacity at low concentrations of carbon dioxide. Increasing the heat of adsorption also increases the temperature dependence of the isotherms. Sorbents with small heats of adsorption will require a much larger change in temperature to affect the same change in adsorbed capacity as a sorbent with a large heat of adsorption would experience from a small temperature swing. Figure 2 shows this difference in the isotherms for two sorbents that are identical expect for the heat of adsorption. Because the TSA cycle involves both adsorption at low temperatures with a low partial pressure of carbon dioxide and desorption at a high temperature with a high partial pressure, the difference between the low temperature low purity and high temperature high purity determines the working capacity or quantity of carbon dioxide that is produced per cycle. Having a high absolute capacity on its own is not enough to ensure a high working capacity. The Langmuir isotherm
assumes that there are a fixed number of sites s q to adsorb onto, with each site having the same heat of adsorption h Δ . The number of sites that are occupied, q , is determined by the partial pressure of the adsorbed species 2 CO P and the Langmuir parameter 2 CO b . In this equation R is the universal gas constant and 0 b is a constant that is fit to the adsorption data. The Langmuir model is a reasonable assumption for both chemisorption and physisorption. In chemisorption, there are a fixed number of amine sites, each of which will bind to the carbon dioxide with roughly the same energy. In physisorption, the fixed number of sites is equivalent to the monolayer coating of carbon dioxide that would correspond to a saturated sorbent [2] . Further, from Equation 1, the higher the Langmuir value 2 CO b is, the faster the isotherm approaches saturation as P CO2 increases. In Equation 2, b CO2 depends exponentially on temperature and heat of adsorption, changes in temperature impact the isotherm more for higher heat of adsorption.
There are also other differences between chemisorption and physisorption sorbents. While physisorbents such as activated carbon can to be stable even past 200 o C, grafted amines tend to volatilize and degrade above 120 o C which restricts their regeneration temperatures. Another difference is that physisorbents tend to attract various other molecules to their surface lowering the selectivity of the sorbent, which leads to more nitrogen contamination and lower carbon dioxide purity than with chemisorption for the same process configuration. On the other hand, chemisorbents can permanently bind to species such as SO 2 and poison binding sites, decreasing the capacity of the sorbent.
While there are many parameters that must be taken into account when comparing physisorption with chemisorption sorbents, in this work we vary only the heat of adsorption without changing any other properties of the sorbent in order to examine the impact of that one parameter.
Model Description
An equilibrium model has been developed for evaluating minimum energies for a TSA cycle. This model eliminates mass and heat transfer limitations and assumes a perfectly sharp front during adsorption so that all portions of the column are at the same state at the beginning and end of each step. Heating and cooling of the column is assumed to be done indirectly through jacketed heating and cooling or internal heat transfer pipes and only the thermal mass of the sorbent, not that of the apparatus, is taken into account to determine the sensible heating requirements. This simple model was used in order to compare the minimum energy requirements for sorbents and eliminate the process design and optimization. Through this simplification we can gain insight into the impact of key sorbent properties.
This equilibrium model employs the Langmuir isotherm from Equation 1 to determine the equilibrium adsorbed concentrations of nitrogen and carbon dioxide for a given sorbent at the adsorption step. Similarly, equilibrium adsorbed concentrations are determined at the end of the desorption step. Without determining the intermediate profiles, we calculate the difference in adsorbed capacities between the two states to determine the quantity of each species adsorbed or desorbed over the course of the cycle. This can be used to determine the product purity and the amount of carbon dioxide product produced. The thermal energy demand is determined from Equation 3 by summing the sensible energy necessary to heat the bed with the energy needed to desorb the carbon dioxide and nitrogen during the regeneration step. , 2 ) (
The sensible energy is calculated by multiplying the total thermal mass of the sorbent sorbent p C ρ by the change in temperature. The desorption energy is calculated by multiplying the change in adsorbed concentration by the heat of desorption q hΔ Δ for both carbon dioxide and nitrogen. Note that it is possible to vary only the heat of adsorption within the model to examine a class of sorbents. In this analysis, we vary only the heat of adsorption, and hold all other physical properties constant, including the equilibrium carbon dioxide uptake at the adsorption condition. Then, for each studied value of the heat of adsorption, we calculate a Langmuir constant b 0 such that b CO2 and the carbon dioxide adsorbed concentration remain constant at the adsorption conditions.
Results and Discussion
By varying only the heat of adsorption but, we gain insight into the total energy necessary to regenerate the sorbent. In all of the following results, the adsorption condition is a partial pressure of carbon dioxide of 0.14 bar at a temperature of 55 o C, and all sorbents are assumed to have the same carbon dioxide uptake at these adsorption conditions. This assumption allows us to study the impact of the heat of adsorption in isolation. Figure 3 shows the minimum specific energy required to operate a TSA cycle, regenerating the sorbents at either 110 o C or 200 o C. 110 o C corresponds to a likely maximum regeneration temperature of grafted amines while 200 o C corresponds to a likely maximum regeneration condition for activate carbons. In these plots the top curve (blue) corresponds to the total energy consumption of the cycle per kg of carbon dioxide produced, the bottom curve (green) indicates the amount of energy used for heating the bed, and the sloped line (red) corresponds to the heat of adsorption energy necessary for desorbing the carbon dioxide and other species during regeneration. The horizontal line (black) is a typical reported value for the regeneration energy for 30% aqueous MEA [4] .
The desorption energy in kJ/kgCO 2 is linear with the heat of adsorption in kJ/moleCO 2 with a slope of the inverse of molar mass of carbon dioxide and remains an absolute lower bound. The sensible energy to heat the bed to a specific temperature is constant for each cycle, regardless of the heat of adsorption. However, because changing the heat of adsorption changes how much carbon dioxide is captured per cycle, the specific sensible energy changes as the heat of adsorption changes. For desorption at 110 o C, Figure 3 shows the specific sensible energy approaches infinity because the amount of carbon dioxide produced approaches zero. This happens at a heat of reaction of -37 kJ/moleCO 2 for the For adsorption at 55 o C and regeneration at 110 o C, the minimum specific energy occurs at -87 kJ/moleCO 2 with an energy usage of 2730 kJ/kgCO 2 . This compares very favorably to the corresponding value of 3700 kJ/kgCO 2 for MEA [4] . Also of note is that the minimum specific energy is at -87 kJ/moleCO 2 , which is well within the range of heats of adsorption for amine sorbents. This minimum occurs when the cycle produces sufficient carbon dioxide that the sensible energy requirement is small, but with a sufficiently small heat of adsorption that the desorption energy does not dominate the total energy requirement.
Likewise, Figure 3 shows a similar picture at a regeneration temperature of 200 o C. Though the specific desorption energy is identical in both cases, the sensible heating requirement per cycle increases when we increase the regeneration temperature. However, at low heats of adsorption, the increase in carbon dioxide output outweighs the higher total energy usage. The reason that the output increases at low heats of adsorption is that the isotherms do not have significant temperature dependence, making it is necessary to have a larger thermal swing to achieve the same capacity swing (working capacity). For regeneration at 200 o C, we find that the minimum energy of regeneration is 2400 kJ/kgCO 2 , at the heat of adsorption of -54 kJ/moleCO 2 . However, for this simple cycle, the minimum heat of adsorption that still produces any carbon dioxide at 200 o C is -22kJ/moleCO 2 , though production of carbon dioxide drops off sharply below -50 kJ/moleCO 2 . Because the activated carbons often have a heat of adsorption smaller than this threshold, increasing the heat of adsorption for activated carbons that are regenerated at 200 o C will drastically improve the energy requirement in this TSA process.
By varying regeneration temperature, we can create a series of curves that show the envelope for minimum regeneration energies for a whole class of sorbents as shown in Figure 4 . This plot shows total energy requirement in the top set of curves (blue) for regeneration temperatures spanning 90 o C to 300 o C. The lower regeneration temperatures have lower sensible energy heating requirements and lower total energy requirements for sorbents with large heats of adsorption
The minimum specific energy is discernable by finding the minimum of all the blue lines, which occurs at -64kJ/moleCO 2 with a minimum energy of -2375 kJ/kgCO 2 . This global minimum for the class of sorbents examined has a regeneration temperature of 160 o C. While a heat of adsorption of -64kJ/moleCO 2 can be achieved with a grafted amine, there are no amine materials that currently have the thermal stability to withstand such a high regeneration temperature. This means that to achieve this energetic minimum, there must be either materials advances in amine thermal stability or there must be alternate materials that are more thermally stable and have a similar heat of adsorption. With a different set of initial adsorption conditions or a different representative sorbent, the minimum energy and the optimal heat of adsorption and regeneration energy will differ. However, for any class of sorbent, it is possible to perform this analysis to determine a global minimum for theoretical energy consumption.
Conclusion
By examining the equilibrium behavior of solid sorbents in a TSA process, we have found the minimum energy requirement for a specific class of sorbents that has variable heats of adsorption. This minimum energy occurs at a heat of adsorption that is viable for grafted amines, but at a regeneration temperature that is will cause degradation unless the Figure 4 : Envelope for minimum specific theoretical energies as a function of heat of adsorption thermal stability of the sorbent can be increased. This means that it is necessary to increase the thermal stability of amine sorbents or identify other sorbents with a similar range for heats of adsorption to realize the predicted minimum. However, even though we have calculated key process conditions that lead to the minimum energy requirement, its is not necessarily true that this process will have the smallest parasitic load on a power plant. This is because extracting energy from a power plant steam cycle effects the electricity production based on both how much is extracted and where it is extracted from.
By identifying goals for sorbent development and building a tool that can perform quick parametric studies of minimum energies, we can interact with sorbent developers to help set performance targets for novel adsorbents for CCS. This work is currently being extended using a more complex and accurate TSA model that we have developed.
